Abstract A meta-analysis of the effect of body and air movement on the insulation provided by workwear and cold-weather clothing [1.22 clo (0.189 m 2°C W )1 ) <I T <4.14 clo (0.642 m 2°C W )1 )] using data from different sources was performed. For the effect of walking, datasets could be merged and a single prediction equation produced (r 2 =0.91). For the effect of wind, and interaction of movement and wind, separate equations were required for regular workwear (r 2 =0.93) and coldweather clothing (r 2 =0.97). Differences were mainly due to the different amounts of nude surface area. An interaction between wind and walking effects was present (the size of the combined effects is less than the sum of the separate effects), and for cold-weather clothing an effect of clothing air permeability (p) was present (high p fi bigger effect). The resulting prediction equations will be proposed for inclusion in European and ISO standards on protective clothing to assist the user in determining the real-life clothing insulation value.
Introduction
Manikin measurements on clothing insulation received a vast amount of attention following the publication of the standard on ''Ergonomics of the thermal environment-Estimation of the thermal insulation and evaporative resistance of a clothing ensemble'' [International Organization for Standardization (ISO)1995] . It provided listings of clothing ensembles with their respective insulation values as measured on manikins (I T ), for use in other standards assessing heat (ISO 1997) , cold stress (ISO 1999) or thermal comfort in buildings (ISO 1994) and was widely used for this purpose by ergonomists, occupational hygienists, building engineers etc. Over the years, more and more demand became apparent for insulation values of clothing in actual work situations (resultant insulation, I T,r ). The most important changes to clothing insulation as measured on a static manikin are caused by body movement of the user and by air movement in the environment. Most types of clothing ensembles have openings (e.g. collars, cuffs) that allow a certain air exchange with the environment. When work is performed, this air exchange may increase and change the insulation of the clothing (Havenith et al., 1990b) . This effect is called the ''pumping effect''. In addition clothing may be compressed by wind, reducing its thickness, and wind may enter through the fabrics or openings and increase the exchange of the microclimate air with the external environment. This would also change the resistance to heat and moisture transfer provided by the clothing.
To estimate the effect of body motion (pumping effect) and wind on clothing insulation, a movable thermal manikin may be used in simulated wind conditions, or heat balance experiments with human participants can be performed. Recently, virtual manikins have been used to estimate the effects from the environment and movement on the human microclimate (Buxton et al.2002) . As these methods are quite costly, there is a demand for simple estimation of these effects. A number of research projects have addressed this matter, collecting a vast set of data on insulation values of various clothing types during movement and wind, and summarising the findings in prediction equations. Havenith et al. (1990a) produced predictions for normal workwear for walking and light wind. Later Holme´r et al. (1999) and Havenith et al. (2002) expanded the dataset, producing a set of correction equations that is now used in the revision of ISO 7933 (1994) . Nilsson et al. (2000) studied cold-weather clothing in walking and high wind speeds up to 18 m s )1 . Kim and McCullough (2000) studied the effect of walking on cold-weather clothing insulation.
The purpose of the present paper was to study the datasets produced in these studies and to find out whether these could be integrated in a simplified set of prediction equations. If not, the analysis of the individual datasets was to be studied to see whether improvements could be made. The main criticism of the existing correction equations is that they can produce correction factors bigger than 1, or produce values lower than 1 for the reference wind speed (G. Alfano, personal communication).
Methods
Data used for the respective studies were obtained from the literature or from authors where not published in detail: Havenith et al. (1990a Havenith et al. ( , 1990b based on data for three ensembles (1.22 cloI T <1.72 clo; no gloves or hood) produced predictions for normal workwear in walking up to 1.2 m s )1 and wind up to 4 m s )1 (reference wind speed = 0.15 m s )1 ). They later (Holme´r et al.1999 ) expanded the dataset with four more workwear ensembles (1.22 cloI T <1.84 clo; no gloves or hood). Nilsson et al. (2000) studied cold-weather clothing (1.49 cloI T <3.46 clo) at walking speeds up to 0.8 m s )1 and high wind speeds up to 18 m s )1 (reference wind speed = 0.4 m s )1 . They also looked at the effect of air permeability of the clothing. Kim and McCullough (2000) studied the effect of walking on cold-weather clothing insulation (reference wind speed = 0.15 m s )1 ; 1.59 cloI T <4.14 clo; mixed with and without gloves and hood) and produced predictions of the insulation loss due to walking, based on the number and thickness of garment layers on the calves and arms. They did not study wind.
All insulation values were calculated using the ''parallel method'' as described by Nilsson (1997) . All data were brought together in a database and subsequently analysed with multiple nonlinear regression analysis using the statistical package SYSTAT. Prediction parameters used were wind speed, walking speed and air permeability. As parameters used by Kim and McCullough (e.g. material thickness) were not available for the other datasets, and could not be estimated from the information available, these were not used as predictors in the overall analysis. For clothing where air permeability was not available this was, where possible, estimated using the guidance provided by Nilsson et al. (2000) . Prediction quality was judged by significance (P<0.05), explained variance values (r 2 , adjusted) and standard errors of the estimate (SEE).
Results

Wind effect
Re-analysis of the Havenith et al. (1990a Havenith et al. ( , 1990b and Holme´r et al. (1999) data (standing still) showed that no significant nor graphically visible effect of air permeability was present. Hence, these data were lumped before comparison to Nilsson's data. The result of the analysis of the wind effect for all wind data is shown in Fig. 1 .
Walking effect
All datasets included walking and, from these, data without added air speed were selected. Further, walking speeds of 0.8-1.2 m s )1 were selected for the analyses, as less than 20% of the data were for lower speeds. The majority of the data were for walking speeds of 0.8-1 m s )1 . Kim and McCullough (2002) showed that the walking effect correlated strongly with the level of static insulation: 
These equations are presented in Fig. 2 . 
Interaction effects
When the walking effect was studied in relation to wind, it was evident that the larger the wind, the smaller the walking effect. In addition, a small effect of the clothing permeability was evident: the lower the permeability, the larger the relative effect of walking (i.e. pumping) and vice versa.
Overall analyses
The combined effect of wind and walking was analysed for the three datasets separately, because of the observed differences between the datasets. For the workwear data, the main difference to the originally produced equations is abolition of a constant in the exponential equation, and subtraction of the reference wind speed from the actual wind speed, ensuring that for wind speeds equal to the reference wind speed the correction factor equals 1. For the workwear data (1.22 cloI T <1.84 clo) (Havenith et al. 1990a , 1990b and Holme´r et al. 1999 ) the new correction equation reads: ; typical permeability values that can be used are 1 for garments with impermeable membranes; 50 for densely woven workwear; and 1,000 for highly permeable garments, e.g. fleece without membrane). This produced an r 2 value (observed vs. predicted) of 0.950 and an SEE of 0.059. Re-analysis of the data, removing the offset, and incorporating a quadratic term for wind speed based on the residual analyses resulted in: . In order to allow estimation of the effect on even lighter clothing (0<I cl <0.6 clo) an interpolation of Eq. 4 with the correction factor for nude subjects is suggested: ).
Discussion
The databases used for the analyses were considered to be the most comprehensive available for this purpose.
Other researchers have looked at the effects of wind and movement on clothing insulation too (Bouskill et al.2002; Nielsen et al.1965; Olesen and Madsen1983) but the data and details of the clothing provided were not of sufficient quantity or detail to include these in this study. An important issue in the comparison of data is reference wind speed. This varies considerably between climatic chambers used for the measurement of clothing will have a substantial impact on the data, leading to lower correction factors for the higher air speeds when the higher reference wind speed is used. For office workers and most industrial workers, air movement at the work place can be quite low and a low reference wind speed is best. Hence the choice of <0.2 m s )1 . For cold-weather clothing that is used outside, such low wind speeds are highly unlikely and ENV342 has therefore chosen a higher reference speed of 0.4 m s )1 [ENV342 (1998) Protective clothing against cold. European Committee for Standardization, Brussels. CEN TC162/WG4 standard under development]. Further, as many chambers used for the measurements cannot run stably with very low air speeds, this higher value is easier to achieve. However, in translating results from studies this is an important point to consider, as most manikin data presented in ISO 9920 (1995) were obtained at low wind speeds of 0.1-0.2 m s )1 . This problem is reflected in Fig. 2 . Here the data of Nilsson et al. (2000) are based on a higher reference wind speed and, due to the interaction of the walking effect with air speed (smaller effect at higher air speeds), it is clear why most of Nilsson's data for resultant insulation of cold-weather clothing lie above those of Kim and McCullough (2000) , who used a lower reference wind speed. The effect on the regression line is however, rather small. Differences between the values calculated by Eqs. 1, 2 and 3 are less than 0.1 clo, so Eq. 3 would be preferred as it is based on a larger data set.
For the overall wind effect, Fig. 1 shows the difference between the data of Nilsson et al. (2000) and Havenith et al. (1990a) . Similar to earlier studies by Nilsson and Holme´r (1997) , no effect of permeability was observed by Havenith et al. (1990a) ; their data were similar to those obtained for highly permeable, coldweather clothing. There are two reasons that can explain this. Firstly, as discussed above, the reference wind speed was higher in the Nilsson et al. (2000) study, resulting in a reduction of the effect size from this speed upwards. Secondly, and more importantly, the coldweather ensembles all included gloves and most had a hood, while in the Havenith et al.(1990 a) study hands and head were uncovered. Wind will affect the nude parts much more severely than the clothed parts. This will lead to a much greater decrease in overall insulation, and to differences in clothing material permeability becoming more obscure when hands and head are uncovered. Hence different correction equations are needed when the covered surface areas vary substantially. Therefore, Eqs. 4 and 6 are to be used depending on the clothing configuration. These results also underline the requirement given in ENV342 (ENV342 (1998) Protective clothing against cold. European Committee for Standardization, Brussels. CEN TC162/WG4 standard under development) to use evenly distributed insulation where possible. Updated Eqs. 3, 4, 6, 8 and 9 will be proposed for use in the revision of ISO standard 9920 (ISO 1995) , which assists with the determination or estimation of clothing insulation. These new equations have the advantage over those previously published that they are based on more data, and that they have a form which now actually results in a correction factor of 1 at the reference wind speed. The latter is mainly important for use in 'comfort' applications (ISO 1994) where very low wind speeds are feasible and the old equations produced correction factors greater than 1.
